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SUMMARY 
Petrogenic hydrocarbons represent ubiquitous pollutants which threaten both human 
and environmental health. In recent years, there has been increasing interest in the use 
of sustainable, cost effective technologies to remediate these petrogenic hydrocarbons 
in the environment. This PhD research was designed to enhance and develop these 
clean technologies using phytoremediation (plant-assisted bioremediation) and 
necrophytoremediation (plant dead biomass-assisted bioremediation) methods. 
Traditional microbiological methods were used in conjunction with the molecular 
ecological methods throughout this research to better understand the response of the 
natural microbial community to phytoremediation and necrophytoremediation. 
In the first part of this study a variety of plants including alfalfa, arrowleaf clover, 
balansa clover, berseem clover, French serradella, maize, pea, Persian clover, wallaby 
grass, wheat and wheat grass were screened for their ability to grow in a soil 
contaminated with 1% w/w (10,000 mg kg−1) aliphatic hydrocarbons (60% diesel/40% 
engine oil) or 1% w/w crude sludge. Based on emergence, shoot and root length and 
root shoot weight ratio, maize and wheat were selected as both showed the greatest 
performance. A further 90 day greenhouse study was carried out to evaluate the 
microbial aspect of rhizodegradation, using a contaminated soil containing a 
diesel/engine oil mix (1% w/w). The results showed that the presence of maize and 
wheat plants increased the degradation of total petroleum hydrocarbons (TPH), with 
soil containing maize and wheat showing a significant TPH reduction of 72% (5,880 mg 
kg−1) and 66% (5,390 mg kg−1) respectively, compared with a reduction of 57% (4,633 
mg kg−1) in contaminated soil only. Microbial community analyses using DNA-PCR-
DGGE for both bacterial and fungal communities confirmed that the presence of the 
plants influenced the structure of the soil microbial community. In addition to changes 
in microbial community, quantification of alkB genes (encoding alkane monooxygenase; 
a key enzyme in the degradation of aliphatic hydrocarbon) using MPN-qPCR 
demonstrated that the planting of maize and wheat on contaminated soil led to a 20 and 
16-fold increase in alkB gene copy numbers respectively, relative to the control soil.  
In the second part of this study, necrophytoremediation (using alfalfa hay, pea straw, 
wheat straw and various residues including 20% hay, 37.5% pea straw, 37.5% wheat 
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straw and 5% gypsum) was evaluated as a technique for use in the bioremediation of 
aliphatic hydrocarbons. The presence of plant residues was found to have a significant 
impact on the utilisation rate of TPH when compared to the control. The highest TPH 
reduction, up to 83% (6,800 mg kg-1) was observed in soil mixed with pea straw, 
compared to a TPH utilisation of 57% (4,633 mg kg-1) in the control soil. The abundance 
of petrogenic hydrocarbon-utilising microorganisms increased in the contaminated soil 
amended with plant residues. For example, a 12-fold increase in hydrocarbon utilising 
microorganisms was observed when pea straw was mixed with contaminated soil. 
Microbial community analyses using DNA-PCR-DGGE of both bacterial and fungal 
communities showed that amending the contaminated soil with plant residues led to 
significant changes in the soil microbial community diversity in the most of the 
treatments (e.g. pea straw in terms of bacterial community). Sequencing of the bands of 
interest again showed the presence of some hydrocarbonoclastic microorganisms only 
in soil amended with plant residues in the bacterial and fungal DGGE-profiles, 
confirming that the presence of plant residues changed the activity and diversity of 
hydrocarbon utilising-microorganisms. Interestingly the presence of plant residues (e.g. 
pea straw) led to the detection of fungus Trichurus spiralis, which exhibits both 
hydrocarbonoclastic and necrophytic properties. 
In the third part of this study, the effect of necrophytoremediation using pea and wheat 
straws (found to promote degradation in the second part of the study) on the 
remediation of polycyclic aromatic hydrocarbons (PAHs) was investigated using soil 
contaminated with phenanthrene (500 mg kg−1) and pyrene (500 mg kg−1), alone or in a 
combination. The results showed that adding pea or wheat straw to contaminated soil 
significantly increased PAH reduction in the all treatments except in phenanthrene-
contaminated soil amended with wheat straw. The results also showed that the 
beneficial effects of necrophytoremediation were most evident in pyrene 
contamination. For example, pyrene-contaminated soil amended with pea straw led to 
an increase in the degradation of pyrene from 15% (64 mg kg−1) in the corresponding 
control to 70% (301 mg kg−1). The results also showed that pea straw generally resulted 
in greater beneficial effects compared with wheat straw in terms of PAH degradation. 
Microbiological analysis of the soils using MPN in conjunction with PCR-DGGE-
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sequencing methods demonstrated that both straws promoted microbial 
hydrocarbonoclastic biomass rather than changes in microbial diversity.  
In summary, this study has shown that both phytoremediation and 
necrophytoremediation can be used in the successful bioremediation of petrogenic 
hydrocarbons. However, the plant toxicity associated with many hydrocarbon products 
may limit the use of phytoremediation. In contrast, necrophytoremediation represents 
an effective toxic-independent remediation protocol. In addition, using plant residues in 
general and pea straw in particular represents a cost effective, green technology which 
can be applied as a biostimulator for the remediation of crude oils, diesel oils and PAHs 
in contaminated soils.  
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1.1. Introduction  
As a consequence of increasing human demand for a range of petrogenic products 
including natural gas, diesel, gasoline and asphalts, and the increase in activities 
associated with the exploration, transport and processing of petroleum, contamination 
of terrestrial and marine environments with petrogenic hydrocarbons is a relatively 
common occurrence. For example, worldwide by 2005, on average approximately 9 
incidents involving the release of petroleum into the environment was reported every 
year (Stroud et al., 2007).  
The threat that these accidental or deliberate oil spills have on human and 
environmental health is illustrated by the fact that many common petrogenic products 
such as benzene, toluene, ethylbenzene, xylene and naphthalene are categorised as 
hazardous chemicals (Sarkar et al., 2005). There is therefore an urgent need to 
remediate hydrocarbon-contaminated sites worldwide. However, remediation of 
contaminated sites is costly, in the USA alone over  $1 trillion (USD) was expected to be 
spent to clean up the environment and 90% of these sites were contaminated by 
petrogenic hydrocarbons (Stroud et al., 2007).  
A broad range of in situ and ex situ remediation methods including chemical, physical 
and biological approaches have been used widely to remediate petrogenic hydrocarbon-
contaminated sites (Table 1.1). The use of biological methods to treat the contamination 
is becoming not only increasingly accepted but also preferred. This is because biological 
methods tend to be more environmentally friendly, cost effective and unlike physical 
and chemical methods, biological methods are not prone to secondary contamination 
(Table 1.1). In this chapter, these biological methods are examined in detail, with 
emphasis on techniques used in this research, namely phytoremediation and 
necrophytoremediation. 
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Table 1.1. A summary of general methods used for the removal of hydrocarbons from 
contaminated environments.  
 
Method Example of 
method 
Effect on 
hydrocarbon 
Advantages Disadvantages 
► Physical 
 
In Situ 
Ex Situ 
 
 
 
Capping 
Excavation 
Removal of 
hydrocarbons  
Fast 
Removing 
contaminants 
permanently 
Ideal for high 
levels of 
contamination 
Expensive 
Destructive 
Prone to 
secondary 
contamination  
 
► Chemical 
 
In Situ 
 
 
 
 
 
Ex Situ 
 
 
 
Direct injection of 
chemical oxidants 
or surfactants into 
contaminated soil 
and groundwater 
 
Chemical 
extraction 
Degrade 
hydrocarbon 
(potential for 
recovery of 
hydrocarbons) 
Fast 
Not generating 
large volumes 
of waste 
material 
Ideal for high 
level of 
contamination  
Expensive 
Destructive 
Prone to 
second 
contamination  
 
► Biological 
(bioremediation)  
 
In Situ 
Ex Situ 
 
 
 
Phytoremediation 
Slurry phase 
biological 
treatment  
Degrade 
hydrocarbon  
Environmental 
friendly 
Cost effective 
Minimum site 
disruption 
Useful for low 
level of 
contaminants 
Requires longer 
time 
Low 
predictability  
Dependent on 
climatic factors  
 
1.2. Petrogenic hydrocarbons   
Petrogenic hydrocarbons consist of various amounts of short, medium and long chain 
aliphatic (i.e. alkanes, alkenes), aromatic (e.g. benzene, toluene, ethyl benzene and 
xylene) and polycyclic aromatic hydrocarbons (known as PAHs such as naphthalene, 
phenanthrene and pyrene). Based on their general structure however, hydrocarbons 
can be divided into two main groups: aliphatic and aromatic. Aliphatic hydrocarbons 
(e.g. alkanes) contain both saturated and unsaturated linear or branched open-chain 
structures (Table 1.2) (Stroud et al., 2007), while aromatic hydrocarbons contain one or 
more aromatic rings (e.g. benzene ring). In terms of the aromatic fraction, PAHs are an 
important pollutant containing two or more fused phenyl and/or pentacyclic rings 
(Table 1.2) (Haritash and Kaushik, 2009).  
Sixteen PAHs have been listed as priority pollutants by the US Environmental Protection 
Agency (US-EPA) (Table 1.3). These recalcitrant chemicals are characterised by 
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thermodynamic stability, very low aqueous solubility, an effective tendency to absorb to 
particle surfaces (e.g. soil particles) in the environment and low sensitivity to 
volatilisation and photolysis (Mougin, 2002). As a result, PAHs are regarded as 
recalcitrant and hence the disposal rate of PAHs is higher than their rate of degradation 
in contaminated environments (Mougin, 2002). In addition to their recalcitrance, PAHs 
also exhibit toxic, mutagenic and carcinogenic properties, thereby representing a 
significant threat to the health of living organisms including humans (Bamforth and 
Singleton, 2005; Lors et al., 2010; Samanta et al., 2002). Because of these properties, 
significant attention has been paid to the degradation of PAHs rather than aliphatic 
hydrocarbons in the past (Stroud et al., 2007). However, aliphatic hydrocarbons 
represent the major component of crude oil and petrogenic products. Physicochemical 
properties of mid-length aliphatic hydrocarbons (Table 1.2) showed that they are non-
polar and water insoluble. For example, hexadecane (i.e. model alkane) has a water 
solubility of 0.0009 mg L−1 and it exists as a liquid at room temperature (Table 1.2). 
Consequently, they are not easily volatilised or leached from soil and tend to absorb to 
soil particles and organic matter. In addition, the physiochemical properties of aliphatic 
hydrocarbons may result in these types of hydrocarbons, in some instances being more 
persistent than PAHs in the soil (Table 1.2). For example, the hydrophobicity of 
hexadecane is much higher than phenanthrene (by 3 orders of magnitude) and 
hexadecane also has a higher octanol-water partition coefficient (log kow=9.1) than 
phenanthrene (log kow=4.16) (Table 1.2). This hydrophobicity plays an important role in 
hydrocarbon behaviour in the soil, affecting sequestration and both chemical and 
biological availability (Stroud et al., 2007). The presence of long length aliphatic 
hydrocarbons results in the production of oil films and slicks which limit nutrient and 
oxygen exchange in the soil (Wasmund et al., 2009), resulting in a significant decline in 
soil structure and important changes in microbial population (Militon et al., 2010). 
In addition, like other hydrocarbons, the presence of aliphatic hydrocarbons leads to 
organic pollution of local groundwater, immense economic loss and ecological disaster, 
whilst also disrupting agricultural or aquaculture production (Tang et al., 2010). In the 
recent British Petroleum Deepwater Horizon oil spill in the Gulf of Mexico, 26.5 million 
litres of petroleum  went into the surrounding environment (Simons et al., 2012); this 
led not only to an ecological disaster affecting marine animal and bird species in the Gulf 
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of Mexico but also to significant damage to the tourism industry as well as the fishing 
industry. (Bozeman, 2011). Furthermore, as a consequence of negative aspects of 
aliphatic hydrocarbons, the remediation of these type of hydrocarbons has also been 
widely studied in recent years (Adetutu et al., 2012a; Gaskin et al., 2008; Gaskin and 
Bentham, 2010; Militon et al., 2010). 
Table 1.2. Physicochemical properties of selected aliphatic and aromatic hydrocarbons 
(Stroud et al., 2007). 
 
 
Table 1.3. List of 16 PAH priority pollutants defined by US-EPA (Perelo, 2010). 
 
Two ring Three ring Four ring 
Naphthalene Fluoranthene Chrysene 
Fluorene Phenanthrene Pyrene 
Acenaphthene Anthracene Benzo[a]anthracene 
Acenaphthylene  Benzo[b]fluoranthene 
  Benzo[k]fluoranthene 
Five ring  Six ring 
Benzo[a]pyrene  Benzo[g,h,i]perylene 
Indeno[1,2,3-c,d]pyrene   
Dibenzo[a,h]anthracene   
Type Group  
 
Name  Formula   Structure Solubility 
(mg L−1) 
Melt 
point 
(°C ) 
Boil 
point 
(°C) 
Log 
kow 
 
Aliphatic 
 
Alkane 
 
Tetradecane 
 
C14H30 
 
 
 
0.000282 
 
5.5 
 
253 
 
7.2       
 Model 
Alkane 
Hexadecane C16H34 
 
0.0009 18 287 9.1 
 Alkene Hexadecene C16H32 
 
N/A 3-5 274 NA 
 Alkyne Hexadecyne C16H30 
 
N/A 15 148 NA 
Aromatic PAH Naphthalene C10H8 
 
30 79-83 217.9 3.36 
 Model 
PAH 
Phenanthrene C14H10 
 
1.1 97-101 340 4.16 
 PAH Pyrene C16H10 
 
0.135 156 404 5.19 
 PAH Benzo[a] 
Pyrene 
C20H12 
 
0.0038 175-179 495 6.06 
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1.3. Bioremediation of hydrocarbon-contaminated soils 
Bioremediation is defined as the use of living organisms (especially microorganisms) to 
remove or breakdown contaminants present in the environment (Iwamoto and Nasu, 
2001; Wenzel, 2009). The main advantages of bioremediation are its cost effectiveness 
and less-invasive approach which keeps the ecosystem intact (Table 1.1) (Alcalde et al., 
2006; Perelo, 2010). Bioremediation can be useful in contaminated environments 
where clean up by physical or chemical methods cannot be used because of the low 
level of contamination (Perelo, 2010). However, bioremediation has a number of 
limitations (Table 1.1). The biodegradation processes occurring during bioremediation 
are affected by a number of factors such as hydrocarbon physicochemistry, 
environmental conditions, bioavailability and the presence of hydrocarbon-utilising 
microorganisms. These factors and their effects on the bioremediation of petrogenic 
hydrocarbons are summarised in Table 1.4.  
Table 1.4. Important factors and their impact on the degradation of petrogenic 
hydrocarbons in the contaminated environments. 
 
Factor Impact 
► Hydrocarbon characteristics 
 
 
 
 
Affect the ability of hydrocarbon-utilising 
microorganisms to degrade the hydrocarbon substrates 
e.g. n-alkanes with medium length (C10-C25) are the 
preferred components for microorganisms while shorter 
chain compounds are more toxic 
Affects the bioavailability of contaminants (complex 
structure and less soluble = less hydrocarbon 
degradation) 
► Hydrocarbon concentration  Affects microbial growth and activity involved in  
hydrocarbon degradation  
e.g. high concentration of hydrocarbon is toxic to 
microorganisms 
► Environmental (soil) conditions 
(e.g. Nutrient, oxygen, pH and 
temperature  
Affect microbial activity (optimal environmental 
conditions = higher hydrocarbon-utilising microbial 
activity) 
► Bioavailability Determines the rate of degradation (less bioavailability = 
less hydrocarbon degradation) 
► Presence of active hydrocarbon-
utilising microorganisms 
Determines the rate of degradation (higher hydrocarbon-
utilising microbial activity = higher hydrocarbon 
degradation) 
The contaminated soil not only must contain 
hydrocarbon-utilising microorganisms but also these 
microorganisms should be active 
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All of the factors listed in Table 1.4 need to be considered before selecting and applying 
any bioremediation method. In addition, each contaminated site is different and 
therefore specific remediation action plans must be developed for each site. There are 
four generic technologies which are outlined in Table 1.5 and discussed in more detail 
below. 
Table 1.5. Bioremediation technologies used for hydrocarbon-contaminated 
environments. 
 
Technology Key point Advantages Disadvantages 
 
► Natural 
attenuation 
Using indigenous 
microorganisms and 
natural conditions 
Cheap technology Requires extensive 
long-term 
monitoring  
Not always 
successful 
► Bioaugmentation Addition of 
hydrocarbon-
degrading 
microorganisms 
Using a high biomass 
of hydrocarbonoclastic 
microorganisms 
Changes the natural 
microbial structure 
Poor adaptation of 
hydrocarbonoclastic 
microorganisms to 
the contaminated 
site 
► Biostimulation Addition of nutrient More efficient than 
natural attenuation 
Not always 
successful 
► Phytoremediation Using plants and their 
associated 
microorganisms 
Supports  
hydrocarbonoclastic 
microorganisms 
within plant root 
Toxicity of 
contaminants to the 
plant 
1.3.1. Natural attenuation strategy 
Natural attenuation is the simplest bioremediation method; the only requirement is to 
monitor the natural degradation process. This approach can be applied in specific 
circumstances. For example, it can be used for remote areas or when levels of 
contamination are relatively low (Pilon-Smits, 2005). It is estimated that approximately 
25% of all petroleum-contaminated land has been remediated using natural attenuation 
(Holden et al., 2002). Very recently, Aleer et al. (2011) and Makadia et al. (2011) 
reported on the use of previously bioremediated soil (reused soil) and compared its 
efficacy to biostimulation and bioaugmentation methods. They found that the results 
from the natural attenuation using previously bioremediated soil were similar to those 
from other bioremediation methods. The authors concluded that natural attenuation 
with reused soil represents a promising strategy for the bioremediation of petrogenic 
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hydrocarbons. In this respect, Erkelens et al. (2012) also reported that previously 
bioremediated hydrocarbon-contaminated soil led to a 70% increase in the remediation 
of TNT compared with the control. 
1.3.2. Bioaugmentation strategy  
If natural attenuation is unsuitable as a remediation technology, perhaps due to low 
bioremediation potential another technology will be required. One of these alternate 
methods is termed bioaugmentation. In this case, the addition of hydrocarbon 
degraders (mostly bacteria and to a lesser extent fungi) which are generally isolated or 
enriched in the laboratory from samples taken from contaminated sites (Sarkar et al., 
2005). Although the application of bioaugmentation to environments contaminated 
with petrogenic hydrocarbons has been extensively studied in both marine and 
terrestrial systems (Kadali et al., 2012; Li et al., 2012; Makadia et al., 2011; Sheppard et 
al., 2011; Simons et al., 2012; Tang et al., 2010), there exists potential question marks 
relating to the introduction of an exogenous organisms and the potential negative 
impacts of this introduction on the diversity and functionality of the natural ecosystem 
(Iwamoto and Nasu, 2001).  
1.3.3. Biostimulation strategy  
Biostimulation, the addition of nutrients to promote the activities of indigenous 
microorganisms represents (Nikolopoulou and Kalogerakis, 2009) another widely 
applied in situ or ex situ bioremediation technology for the degradation of petrogenic 
hydrocarbons in contaminated soils. One type of biostimulation is bioventing, which is 
an in situ bioremediation method that stimulates indigenous microflora to degrade the 
petrogenic hydrocarbons by adding  air/oxygen and nutrition in the unsaturated zone 
of an environment (Khan and Zytner, 2013). A broad range of organic and inorganic 
substances such as bulking agents (e.g. straw), nutrients, manure, sewage sludge (fresh 
and composted) and surfactants (e.g. Tween 80) have been used as biostimulators in 
terms of the bioremediation of hydrocarbons (Adetutu et al., 2012a; Liu et al., 2010; Ros 
et al., 2010).  
It is important to note that the application of biostimulation as a remediation 
technology has resulted in a range of diverse outcomes. For example, Wellman et al. 
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(2001) indicated that the degradation of diesel/motor oil (5,000 mg kg−1) in a loamy soil 
amended with 20% manure was greater (81% degradation) than in contaminated soil 
amended with ammonium sulphate (54% degradation) and unamended contaminated 
soil (32% degradation). Liu et al. (2010) reported that the degradation of hydrocarbons 
reached 56% in soil amended with manure (5% v/v) compared with only 15.6% in the 
plot control. In contrast, some researchers have reported no positive impact in terms of 
the degradation of pollutants as a result of the application of bioremediation 
technology. Palmroth et al. (2002) reported that a variety of soil amendments, including 
NPK fertiliser, a compost extract and a microbial enrichment culture did not 
significantly enhance the rate of degradation of diesel fuel. Also, Schaefer and Juliane 
(2007) showed that the addition of coffee grains or horticultural waste to a soil 
contaminated with TPH (total petroleum hydrocarbon) resulted in no significant 
increase in the rate of degradation compared to the control (unamended) soil. They 
concluded that hydrocarbon-utilising microorganisms preferred to use the more readily 
available amendments rather than crude oil (Schaefer and Juliane, 2007). In some 
instances, biostimulation through the addition of surfactants has been investigated 
(Adetutu et al., 2012a; Hultgren et al., 2009). Adetutu et al. (2012a) showed that the 
presence of Tween 80 (1% w/w) in weathered hydrocarbon-contaminated soil resulted 
in an increase in 14C-hexadecane mineralisation from 1.2 % in unamended control and 
8.5 % in amended soil with nitrogen and phosphorus to 28.9% after 98 days of 
incubation. The addition of surfactant may however lead to reduced rates of 
contaminant biodegradation as surfactant may separate the microbes from the 
contaminant-water interface, resulting in the preferential consumption of an alternative 
more readily degradable substrate rather than hydrocarbons. In addition, the surfactant 
may have a toxicological impact on the hydrocarbon-degrading microflora (Perelo, 
2010). As a consequence of these variable outcomes it is clear that in order to achieve a 
reliable and safe in situ bioremediation it is necessary to fully characterise the 
contaminated site, environmental conditions and the natural microbial community (Ros 
et al., 2010).  
It is important to note that depending on the conditions, bioremediation strategies may 
be used in combination (e.g. phytoremediation and biostimulation). For example, Yousaf 
et al. (2010) reported that addition of 10% compost enhanced plant tolerance towards 
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crude oil in alfalfa and Birds-foot trefoil plants. In alfalfa, the amount of plant biomass in 
clean and contaminated soils amended with compost was 1.77 and 2.07 g respectively, 
compared to clean soil without compost with an average of 0.94 g after 3 months.  
The two bioremediation methodologies used in this project are phytoremediation 
(plant-assisted bioremediation) and necrophytoremediation (plant death biomass-
assisted bioremediation), these strategies are discussed further (see below). 
1.3.4. Phytoremediation strategy 
Phytoremediation is defined as the use of plants and their associated microbes for 
environmental clean up from organic or inorganic contaminants (Salt et al., 1995). 
According to Pilon-Smits (2005), plants and their rhizosphere microflora deal with 
pollutants through a range of mechanisms including phytodegradation, 
phytovolatilisation, phytodegradation, phytoextraction, phytostabilisation and 
rhizodegradation (Fig. 1.1).  
Phytodegradation refers to the use of degradative enzymes produced by plant tissue to 
degrade organic pollutants (Fig. 1.1). Phytodegradation is useful for organics which are 
able to move within the plants such as herbicides and TNT (Pilon-Smits, 2005). In 
phytovolatilisation, plant tissues take up certain pollutants, then release them in a 
volatile form into the air (Fig. 1.1) (Ali et al., 2013). Phytovolatilisation can be used for 
the removal from soil of volatile organic compounds such as TCE (trichloroethylene) 
and MTBE (methyl tertiary butyl ether) (Burken, 2003; Pilon-Smits, 2005) and also for 
metals (e.g. Se) that can exist in a volatile form (Fig. 1.1) (Hansen et al., 1998). 
Phytoextraction is defined as the use of plants to take up the contaminants (especially 
metals) from the soil and accumulate them in harvestable plant tissues (Arthur et al., 
2005; Macek et al., 2000). After harvesting, the plant material can subsequently be used 
for wood, cardboard and ash or if the metal is highly valuable, recycling of the 
accumulated element can be carried out; this is termed phytomining (Pilon-Smits, 
2005). Phytostabilisation refers to the elimination or reduction of the bioavailability of 
pollutants (e.g. metals) by plant roots in the environment, resulting in preventing 
erosion, leaching or runoff the pollutants (Fig. 1.1) (Lambrechts et al., 2011; Pilon-Smits, 
2005). Rhizoremediation or rhizodegradation (phytostimulation) is defined as the use 
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of microorganisms in the plant rhizosphere to remediate organic pollutants as a result 
of interactions between plants and microbes (Fig. 1.1) (Olson et al., 2004). It is used for 
the remediation of soils contaminated with hydrophobic organics that cannot be taken 
up by plants but which can be degraded by microbes; it is believed that 
rhizodegradation is a main route for the degradation of petrogenic by-products (Hall et 
al., 2011).  
 
Fig. 1.1. A schematic showing the different mechanisms involved in the 
phytoremediation of organic and inorganic contaminants (Pilon-Smits, 2005). 
 
1.4. Effect of microflora in the rhizosphere of plants on the degradation of 
petrogenic hydrocarbons 
In regard to rhizoremediation, the degradation is mediated by the microbial biomass 
and associated activity. It is known that plants and their associated rhizosphere 
microflora often show a mutualistic relationship with each other. While hydrocarbon-
utilising bacteria are supported by plant roots through the releasing of nutrients and 
oxygen into the soil (Macek et al., 2000; Yousaf et al., 2010), in the same way, these 
bacteria may help plants to decrease the phytotoxicity of contaminants to an acceptable 
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level which let plants grow under adverse soil conditions (Germida et al., 2002; Yousaf 
et al., 2010). This mutualistic relationship is responsible for the increased degradation 
of contaminants in soils (Macek et al., 2000). 
The rhizosphere is defined as the area around the root which is under the immediate 
influence of the plant root (Yateem et al., 2007). Plant roots release a number of 
exudates such as sugars, amino acids, organic acids, vitamins, tannins, alkaloids, sterols, 
enzymes and growth factors which can be used as a source of nutrients by the 
microflora in the rhizosphere (Ali et al., 2013; Macek et al., 2000; Olson et al., 2004). 
Approximately, 40 to 90% and 25 to 80% of the stored carbon in  annual and perennial 
plants respectively is released into the soil through the plant root system (Olson et al., 
2004). As a result of the release of carbon and other nutrients in to the soil, the 
microbial populations are 2 to 4 orders of magnitude higher in the rhizosphere than in 
the bulk soil (Salt et al., 1998). This enhancement in the microbial population and 
associated activities in the rhizosphere is defined as the “general rhizosphere effect” 
(Olson et al., 2004). Extensive plant root systems bring this large microbial population 
(including hydrocarbon degraders) as well as nutrients in contact with the contaminant 
(Germida et al., 2002). Petrogenic hydrocarbons exhibit strong hydrophobicity and tend 
to tightly adsorb to organic matter and become potentially unavailable for 
biodegradation. However, plant root penetration into soil micropores, results in 
exposure of the contaminant to increased microbial activity (Hutchinson et al., 2004).  
Plant roots can also enhance the degradation rate of petrogenic hydrocarbons as a 
result of increasing the bioavailability of the contaminants by producing a biosurfactant 
(i.e. a surfactant is synthetised by living organisms). Zhou et al. (2011) showed that 
solubilisation of polycyclic aromatic hydrocarbons by saponin (a plant-derived non-
ionic biosurfactant) was enhanced compared to selected, synthetic non-ionic 
surfactants (e.g. Tween-20); the molar solubilisation ratio of saponin for phenanthrene 
showed a 3-6 fold increase when compared with synthetic non-ionic surfactants. 
Plant roots also release hydrocarbon analogues (e.g. phenolic compounds) and some 
intermediate products as part of plant exudates which may help to stimulate the growth 
of hydrocarbon-utilising microorganisms as they are used as primary substrates for the 
degradation of petrogenic hydrocarbons (Olson et al., 2004). This is called cometabolic 
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activity and defined as a process by which a compound that cannot be consumed for the 
growth and development of microorganisms can be modified or degraded when another 
growth-supporting substrate is present (Germida et al., 2002). Our knowledge 
regarding the release of hydrocarbon analogues and their subsequent impact on the 
microbial community is limited and further work is required in this area. 
Another activity of plants which may play a role in enhancing the rates of contaminant 
degradation is the release of degradative enzymes such as dehalogenases, 
nitroreductases, peroxidases, laccases and nitrilases in root zones (Wenzel, 2009). 
These enzymes can degrade specific contaminants. Boyajian and Carreira (1997) 
concluded that plant nitroreductases and laccase enzymes contributed to the 
degradation of nitroaromatic contaminants (e.g. trinitrotoluene) in soil. In terms of 
hydrocarbon degradation, fungal peroxidases and laccases are known to be capable of 
degrading PAHs in contaminated soils (Haritash and Kaushik, 2009; Mougin, 2002). In 
the same way, these enzymes, released by plant roots into soil may also contribute to 
PAH degradation. Limited information exists regarding the role of plant enzymes and 
further studies may reveal the contribution of these enzymes in the future. Another 
issue with the effects of plant released-enzymes on the degradation of contaminants is 
that plant roots are never free of microorganisms and many of these supposed plant 
enzymes could have been released by microbial enzymes. This obvious fact appears not 
to have been taken in to account in most of the literature reports.  
In addition to these potential benefits, plant roots also improve the structure and 
aeration of contaminated soils by penetrating into soil micropores, reducing soil 
compaction and producing channels for air and water (Hutchinson et al., 2004). Roots 
not only transfer oxygen from above ground into the root zone but also oxygen may 
diffuse through old root channels, close by existing roots, leading to more extensive 
diffusion of oxygen in to the soils (Issoufi et al., 2006).  
As well as these positive effects associated with the use of plants in remediation 
petrogenic hydrocarbons there are a number of potential disadvantages. The presence 
of petrogenic hydrocarbons may have a direct, adverse impact on the growth and 
development of plants, including those that prevent or delay seed germination, destroy 
photosynthetic pigments, decrease the length of the roots and shoots and alter the plant 
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root architecture (Peng et al., 2009). As a result of toxicity, phytoremediation of 
contaminants, including hydrocarbons will often only be feasible when the soil is pre-
treated to reduce phytotoxicity or a resistant plant species is selected (Frick et al., 
1999). Not all plants therefore have the potential for use in the degradation of 
petrogenic hydrocarbons. In fact, the number of plants reported in the literature to be 
capable of phytoremediation is limited (Table 1.6). Among the plants, grasses (e.g. 
Italian ryegrass) and legumes (e.g. alfalfa) are suitable candidates for the 
rhizoremediation of petrogenic hydrocarbons. While grasses have an intensive and 
fibrous root system, legumes can fix nitrogen, an important substance in the 
mineralisation of hydrocarbons in contaminated soils (Adam and Duncan, 2002). 
Table 1.6. Plant species that have been identified as having potential for the 
phytoremediation of petrogenic hydrocarbons (Banks et al., 2003; Chen and Banks, 
2004; Frick et al., 1999; Gaskin and Bentham, 2010; Hultgren et al., 2009; Peng et al., 
2009; Yousaf et al., 2010). 
 
Plant name  Plant name 
Alfalfa (Medicago sativa)  
Arctared red fescue (Festuca rubra) 
Bell rhodesgrass (Chloris gayana)  
Bermuda grass (Cynodon dactylon) 
Big bluestem (Andropogon gerardi) 
Birdsfoot trefoil (Lotus corniculatus) 
Blue grama (Bouteloua gracilis) 
Bush bean (Phaseolus vulgaris) 
Canada wild-rye (Elymus canadensis) 
Carrot (Daucus carota) 
Common buffalograss (Buchloe dactyloides)  
Duckweed (Lemna gibba) 
Indiangrass (Sorghastrum nutans) 
Italian ryegrass (Lolium multiflorum) 
Lemon scented grass (Cymbopogon ambiguus) 
Little bluestem (Schizachyrium scoparius) 
Maize (Zea mays) 
Meyer zoysiagrass (Zoysia japonica) 
Four o'clock (Mirabilis jalapa) 
Poplar trees (Populus deltoides x nigra)                                        
Prairie buffalograss (Buchloe dactyloides) 
Perennial ryegrass (Lolium perenne) 
Side oats grama (Bouteloua curtipendula) 
Sorghum (Sorghum bicolor)  
Soybean (Glycine max) 
Sudangrass (Sorghum vulgare) 
Switchgrass (Panicum virgatum)           
Tall fescue (Festuca arundinacea)    
Verde kleingrass (Panicum coloratum) 
Weeping grass (Microlaena stipoides) 
Western wheatgrass (Agropyron smithii) 
Willow (Salix viminalis) 
Winter rye (Secale cereale) 
 
Screening plants for tolerance against petrogenic hydrocarbons in soils represents the 
first and basic prerequisite step in any rhizoremediation project (Gaskin et al., 2008). 
The strategies used for screening plants can be as follows: 
One strategy could be screening new plants which have not previously been evaluated 
for their ability to grow in hydrocarbon-contaminated soils and subsequently apply the 
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resistant plants in bioremediation projects. The second strategy could be the use of 
plants which have previously been identified as suitable for bioremediation and have 
been recommended in the literature (Table 1.6). In considering the potential application 
of phytoremediation technology, conditions such as soil moisture, soil pH, oxygen 
availability and temperature are required to be studied and these conditions are unique 
to a specific site or an area. Screening tests are therefore required to fully assess the 
potential for phytoremediation in the specific case. The third strategy is the use of a 
combination of new (unevaluated) plants together with previously identified plants in a 
preliminary screening project.  
In addition to assessing the potential for phytoremediation using a range of different 
hydrocarbons, researchers have used both single- (Chen and Banks, 2004; Kim et al., 
2006; Kirk et al., 2005; Peng et al., 2009) and mixed- (Cheema et al., 2010; Gaskin and 
Bentham, 2010; Phillips et al., 2006; Wei and Pan, 2010) plant species.  
The effectiveness of single vs. mixed species on the degradation of petrogenic 
hydrocarbons is still open to question. For example, Gaskin and Bentham (2010) found 
that mixed planting with 2 Australian native grasses not only had no additional effect on 
TPH reduction, but also led to a reduction in the hydrocarbon degradation process 
when compared to the remediation of hydrocarbons using single species. In contrast, 
Cheema et al. (2010) observed that the degradation rates of PAHs were higher when 
mixed plant species were used (98.3–99.2% degradation for phenanthrene and 88.1–
95.7% for pyrene) relative to single plants (90–98% degradation for phenanthrene and 
79.8–86% for pyrene). However, in order to preserve site biodiversity in the natural 
contaminated environments (e.g. mine sites), using mixed plant species might be 
desirable (Gaskin and Bentham, 2010). 
Banks et al. (2003) evaluated 4 genotypes of sorghum in crude oil-contaminated soil at 
three stages of plant growth including five leaf, flowering and maturity. They showed 
that the degradation of TPH varied amongst different treatments and plant stages. 
Overall, the results of this experiment revealed that the levels of TPH reduced on an 
average by 69% in soils amended with sorghum species while the reduction was only 
35% in unplanted controls. Ho and Banks (2006) investigated the use of tall fescue 
plants for the remediation of PAH-contaminated soil. The results from this study 
showed that the presence of tall fescue enhanced the degradation rate of PAHs relative 
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to control by 36%. Also, the authors observed that the reduction rate of <4-ring PAHs, 4-
ring PAHs and >4-ring PAHs of plant treated soil was higher with an average of 78%, 
68% and 61% at the end of the study compared with rates in the unplanted control 
(70%, 54% and 49% respectively). 
Peng et al. (2009) evaluated the effect of an ornamental plant (Mirabilis jalapa) on the 
degradation of weathered petrogenic hydrocarbons (up to 2% hydrocarbons) in a 127-
day greenhouse experiment. Their results showed that the TPH reduction rate in 
planted treatments (average of 41.61–63.20%) was significantly higher than that found 
in the corresponding controls (19.75–37.92%). The results also indicated that the 
maximum reduction rate was observed for the saturated hydrocarbon fraction 
compared with other components of petrogenic contaminants. Gaskin and Bentham 
(2010) conducted an experiment to evaluate the potential of Australian native grasses 
in the rhizodegradation of 1% (w/w) aliphatic hydrocarbons (60:40 diesel/oil). They 
reported that TPH reduction in the presence of grasses varied between species. TPH 
levels in planted treatments were lower relative to the unplanted control treatment for 
all species after 100 days. Their findings demonstrated that lemon scented grass 
(Cymbopogon ambiguus) not only had the greatest TPH reduction rate (88%) but this 
grass also exhibited the fastest TPH reduction rate among grasses (about 95% after two 
weeks). 
However, the phytoremediation of hydrocarbon-contaminated soils is not always 
successful. For example, Ferro et al. (1994) reported that the presence of wheatgrass 
did not enhance the mineralisation rate of 14C-phenanthrene relative to a control 
(unplanted) soil.  Zhang et al. (2012b) also tested a wetland plant (Juncus subsecundus) 
for its ability to phytoremediate a soil contaminated with cadmium and PAHs 
(phenanthrene and pyrene). They found that the dissipation of PAHs from soils was not 
significantly affected after 70 days of plant growth. Interestingly, the authors also 
reported that the reduction rate of pyrene was significantly reduced in the rhizosphere 
when compared to the unplanted control soil (43% for planted soil and 63% unplanted 
soil), while the reduction rate for phenanthrene was 97% for both soils. An explanation 
for this phenomenon could be that hydrophobic compounds (e.g. pyrene) are firstly 
accumulated in the rhizosphere and then they will be dissipated with time by the 
rhizodegradation process (Liste and Alexander, 2000; Zhang et al., 2012b). 
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1.5. Necrophytoremediation vs. phytoremediation  
The toxicity related to hydrocarbon by-products towards plants as well as low organic 
matter content, poor structure, nutrient deficiency and water stress, conditions which 
tend to be associated with many contaminated soils represent important limitations to 
the application of phytoremediation (Wenzel, 2009). One technology which possibly 
overcomes these issues is necrophytoremediation. Necrophytoremediation is defined as 
the use of plant dead biomass (e.g. straw) for the remediation of contaminated soils.  
Necrophytoremediation may have a number of advantages over the application of 
phytoremediation (Table 1.7). In terms of the comparison between composting (as a 
similar method), necrophytoremediation does not need any pretreatment and facility, 
therefore, the price for using necrophytoremediation is significantly cheaper than the 
composting method. As necrophytoremediation and phytoremediation were used 
throughout this thesis, further information regarding these two techniques is presented 
below.  
Necrophytoremediation is toxic-independent and can be applied to any level of 
contamination. Necrophytoremediation need not consider the length of the growing 
season, rainfall and temperature patterns. In addition, hydrocarbon-contaminated soil 
is frequently co-contaminated with high concentrations of soluble salts and other metal 
toxicities which may limit the use of phytoremediation (Hutchinson et al., 2004). In 
contrast, using necrophytoremediation may not only help to degrade the hydrocarbon 
but also enhance the desalination of contaminated soils (Zhang et al., 2008). Zhang et al. 
(2008) used wheat straw in combination with Enterobacter cloacae and Cunninghamella 
echinulata (hydrocarbonoclastic microorganisms) to remediate a petroleum- and salt-
contaminated soil. Their results from a field study showed that the concentration of Na 
and Cl ions in remediated soil decreased from 1,597 and 1,520 to 543 and 421 mg L−1 
respectively in the top 25 cm of top soil. In addition, the amended treatment led to a 
decrease in TPH from 6,320 to 2,260 mg L−1 after 45 d. There are only a few reports of 
research comparing the efficacy, in terms of hydrocarbon degradation of 
phytoremediation and necrophytoremediation. Kabay (2010) showed that a layer of 
sorghum straw enhanced the degradation of a broad range of PAHs (e.g. 2-4 rings 
PAHs), while the presence of the sorghum plant itself did not enhance the degradation 
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rate relative to the control. The authors reported that the addition of the straw led to an 
increase in the naphthalene dioxygenase-bacterial population which may have 
enhanced the biodegradation rate of PAHs. In contrast, Hultgren et al. (2009) showed 
that the presence of willow plants increased PAHs significantly while the addition of 
wheat straw did not affect the degradation of PAHs.  
Table 1.7. A comparison between phytoremediation and necrophytoremediation 
technologies. 
 
Condition phytoremediation Necrophytoremediation 
 
Toxicity Dependent Independent 
 
Climate  Dependent Less dependent 
 
Soil conditions (e.g. pH, 
aeration and structure ) 
 
Need to be considered  Do not require consideration 
Soil salinity  Limits to use Does not limit application 
Hydrocarbons levels Limited to hydrocarbon levels 
(High levels kill plants) 
Not limited to hydrocarbon 
levels 
 
Plant husbandry  Required Not required 
 
Screening stage Required Not required 
 
Usage in biopile  Cannot be used Can be used 
 
Price             − Cheaper than 
phytoremediation as plant 
residues are also waste 
1.6. Effect of necrophytoremediation on the remediation of petrogenic 
hydrocarbons  
A variety of plant residues such as hay, shaved wood, straw (e.g. wheat straw) have 
been used in a number of hydrocarbon bioremediation studies (Adetutu et al., 2012a; 
Hultgren et al., 2009; Lors et al., 2012; Morgan et al., 1993; Phillips et al., 2006; Rhykerd 
et al., 1999), however, the outcomes yielded mixed results. In some instances, the 
presence of plant residues accelerated the bioremediation rate of hydrocarbons in 
contaminated soils. However, the mechanisms which bring about this are not well 
understood. Plant dead biomass consists largely of lignin, cellulose and hemicellulose 
(Trigo and Ball, 1994) and during the decay process, substantial amount of degradation 
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products from these biopolymers are released into the soil either as short chain sugars 
or small aromatic compounds. These degradation intermediates can be further 
degraded and can be used by microflora (e.g. hydrocarbon-utilising microorganisms) as 
nutrients available for growth and activity. In addition, saprophytic fungi (such as white 
rot fungi) are commonly associated with decaying lignocellulosic material where they 
play a vital role in the degradation of lignin. This is mediated through enzymes such as 
lignin peroxidase, manganese peroxidase and laccase (Dinis et al., 2009; Hatakka, 1994). 
It is well know that these enzymes also degrade PAHs (Haritash and Kaushik, 2009; 
Mougin, 2002). It is important to note that ligninolytic enzymes from fungi may play an 
important role in the degradation of highly recalcitrant PAHs (with five or more 
aromatic rings) as bacteria are often unable to degrade these PAHs due to their low 
bioavailability (Baldrian, 2008; Field et al., 1992). Therefore, the addition of plant 
residues into the soil may accelerate the degradation of highly recalcitrant PAHs. Plant 
residues also have their own associated microflora and when added to a soil lead to an 
increase in both the population and the activity of the soil microflora, potentially 
resulting in enhancement of the potential of microbes to remediate petrogenic 
hydrocarbons.  
Aerobic conditions are an important factor in terms of maximising the degradation of 
petrogenic hydrocarbons in contaminated soils. The oxygen concentration in soil is 
affected by microbial activity, soil structure, water content and depth. It is known that 
the bioremediation of hydrocarbons in soils is significantly reduced when the amount of 
oxygen in soils is low (Rhykerd et al., 1999). Plant residues have low density and as a 
result when mixed with soils, result in a reduced soil bulk density. As a result of 
increased porosity, oxygen diffusion may result, which together with the formation of 
more water stable aggregates may stimulate microbial activity and possibly enhance the 
degradation of hydrocarbons (Rhykerd et al., 1999).  
There are a number of published examples of the application of necrophytoremediation. 
Morgan et al. (1993) reported that the amendment of contaminated soil with wheat 
straw, hay, wood chips and pine bark together with the inoculation of white rot fungi 
enhanced the remediation of benzo(a)pyrene. The authors found that wheat straw 
showed the greatest contribution to the mineralisation. They concluded that successful 
inoculation and biodegradation of xenobiotics needs supplementary carbon sources.  
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Rhykerd et al. (1999) evaluated tillage, aeration and the addition of bulking agents, 
including chopped Bermuda grass hay, sawdust and vermiculite on the bioremediation 
of hydrocarbon (10% w/w) contaminated soil. The results showed that amended soils 
showed a more rapid reduction in TPH compared to the unamended control. The 
findings also indicated that the degradation rate of TPH was highest in the tillage-hay 
and tillage-vermiculite treatments (90% degradation) when compared with 
unamended-static treatment (77% degradation) after 30 weeks.  
Wu et al. (2011) evaluated the bioaugmentation of petroleum-contaminated soil using 
Enterobacter cloacae alone or in the presence of wheat straw (5% w/w). The authors 
reported that the addition of wheat straw to a bioaugmentation microcosm resulted in a 
56% reduction in TPH compared with a 25% and 44% reduction in TPH in soils which 
were unamended or only bioaugmented (respectively) after 56 days of incubation. It 
was concluded that the addition of wheat straw increased the proliferation of E. cloacae 
and produced a significantly enriched community. 
Like other bioremediation methods, the application of necrophytoremediation has not 
always been successful (Adetutu et al., 2012a; Callaham et al., 2002; Hultgren et al., 
2009; Phillips et al., 2006). For example, in a report by Hultgren et al. (2009), the 
degradation of PAHs in an aged creosote-contaminated soil in the presence of willow 
plants, wheat straw and Triton X-100 (surfactant) was investigated in a greenhouse 
experiment. The results from this study showed that the addition of wheat straw 
showed no positive effect on the degradation of PAHs compared with the control.  
Callaham et al. (2002) also reported that wheat straw did not affect the degradation of 
TPH relative to control in the bioremediation of hydrocarbon-contaminated soils. They 
showed that the level of TPH in control and soil amended with wheat straw was 32.7 
and 32.3 g kg−1 (dry soil) respectively. Phillips et al. (2006) applied straw as an 
amendment in the phytoremediation of flare pit soil (the authors did not mention the 
type of straw). They reported that the presence of amendments resulted in inhibition of 
hydrocarbon degradation in unplanted treatments while hydrocarbon degradation 
increased when phytoremediation with different plants was applied. 
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1.7. Hydrocarbon-utilising microorganisms  
Hydrocarbon utilising microorganisms, the main agents of remediation of hydrocarbons 
during phytoremediation and necrophytoremediation are defined as microbes (mostly 
bacteria and fungi) that are capable of using petrogenic hydrocarbons as source of 
carbon and energy. Representatives of many microbial genera have been reported to 
contain hydrocarbonoclastic strains, many of which have been isolated from either 
rhizosphere or bulk soils (Table 1.8). Common genera include Pseudomonas, 
Arthrobacter, Alcaligenes, Corynebacterium, Flavobacterium, Achromobacter, 
Micrococcus, Nocardia and Mycobacterium (Germida et al., 2002). Fungi such as 
Aspergillus ochraceus, Cunninghamella elegans, Phanerochaete chrysosporium, 
Saccharomyces cerevisiae and Syncephalastrum racemosum have also been reported to 
exhibit hydrocarbonoclastic activity (Germida et al., 2002).  
Table 1.8. Bacterial and fungal genera isolated from bulk or rhizosphere soil that have 
been shown to be hydrocarbonoclastic (Germida et al., 2002). 
 
Bacterial name   Fungal name   
Achromobacter  
Acinetobacter 
Alcaligenes 
Arthrobacter 
Bacillus 
Brevibacterium 
Chromobacterium 
Corynebacterium 
Cytophaga 
Erwinia 
Flavobacterium 
Micrococcus  
Mycobacterium 
Norcardia 
Proteus 
Pseudomonas 
Rhodococcus 
Sarcina 
Serratia 
Spirillum 
Streptomyces 
Vibrio 
Xanthomonas 
 Acremonium 
Aspergillus 
Aureobasidium 
Beauveria 
Botrytis  
Candida 
Chrysosporium 
Cladosporium 
Cochliobolus 
Cunninghamella 
Cylindrocarpon  
Debaryomyces 
Fusarium 
Geotrichum 
Gliocladium 
Graphium 
Humicola 
Monilia  
Mortierella 
Paecilomyces 
Penicillium  
Phoma  
Phanerochaete 
Rhodotorula  
Saccharamyces  
Scolecobasidium  
Sporobolomyces  
Sprotrichum  
Spicaria  
Syncephalastrum  
Tolypocladium  
Torulopsis  
Trichoderma  
Verticillum 
 
1.8. Mechanisms of microbial degradation of hydrocarbons 
The mechanisms of degradation of hydrocarbons by microorganisms are varied but one 
critical division of pathways is based around the oxic versus anoxic nature of the 
degradation. Under oxic (aerobic) conditions, the first step is the incorporation of 
oxygen into the hydrocarbons. This is mediated through a broad ranges of 
monooxygenases and dioxygenases (hydroxylases) enzymes. In the degradation of n-
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alkanes (aliphatic hydrocarbons), degradation first occurs by oxidation of a terminal 
methyl group, resulting in the formation of a primary alcohol which is further oxidised 
to the corresponding aldehyde and finally transformed into a fatty acid (Fig. 1.2). Fatty 
acids are conjugated to CoA and enter the β-oxidation pathway to produce acetyl-CoA 
(Rojo, 2010). Sub-terminal oxidation has also been detected in the degradation of longer 
chained alkanes (Fig. 1.2). Here, the secondary alcohols are converted to the 
corresponding ketone which is oxidised by a Baeyer-Villiger monooxygenase to an 
ester. Afterwards, the ester is hydrolysed with an esterase to produce an alcohol and a 
fatty acid (Fig. 1.2) (Van Beilen et al., 2003).  
A variety of aerobic bacteria such as Pseudomonas and Rhodococcus start to oxidise 
benzene ring PAHs with the contributions of dioxygenase enzymes to produce cis-
dihydrodiols. These dihydrodiols are subjected to dehydrogenases producing 
dihydroxylated intermediates. These intermediate chemicals are further metabolised 
via catechols to carbon dioxide and water (Fig. 1.3) (Bamforth and Singleton, 2005). In 
contrast, a few bacteria such as Mycobacterium sp oxidise PAHs through the cytochrome 
P450 monooxygenase enzyme to form trans-dihydrodiols (Fig. 1.3) (Bamforth and 
Singleton, 2005).  
Fungi deal with PAHs using two pathways: while non-ligninolytic fungi used the P450 
monooxygenase pathway, white-rot fungi (a ligninolytic fungus) degrade PAHs using 
ligninolytic enzymes (Fig. 1.3). The ligninolytic enzymes include lignin peroxidase, 
manganese peroxidase and laccase. These enzymes are involved in the oxidation of 
lignin in wood and other organic compounds (Bamforth and Singleton, 2005).  
Under anoxic (anaerobic) conditions degradation of hydrocarbons can also occur. 
Sulfate-reducing, denitrifying, iron-reducing and methanogenic bacteria have all been 
reported to be capable of the anaerobic degradation of hydrocarbons (Chang et al., 
2006; Eriksson et al., 2003; Ramsay et al., 2005; Tsai et al., 2009). However, although n-
alkanes and PAHs (only ≤3 rings) can be degraded anaerobically, the process is slow 
and our knowledge is limited (Haritash and Kaushik, 2009).  
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Fig. 1.2. The main n-alkanes degradation pathways (Van Beilen et al., 2003). 
 
 
Fig. 1.3. The main pathways of PAHs degradation in bacteria and fungi (Bamforth and 
Singleton, 2005; Haritash and Kaushik, 2009). 
 
1.9. Molecular methods for monitoring bioremediation  
In any petrogenic hydrocarbon-bioremediation system including phytoremediation and 
necrophytoremediation, degradation relies on the microflora and a variety of methods 
that have been developed to study soil microbial diversity and structure. In the past, 
researchers used traditional methods to study the processes (e.g. plate counting) but as 
is widely known less than 1% microorganisms can be cultured (Amann et al., 1995). The 
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recent developments in molecular microbial ecology has led to new insights into 
microbial ecology and this has readily been applied to gain a better understanding of 
the ecology of soil microbial communities in hydrocarbon-contaminated sites. 
Nucleic acids (mostly DNA, but also RNA) have often been used to underpin microbial 
community analysis. Some of the methods developed, such as fluorescent in situ 
hybridisation (FISH), microarray and metagenome sequence analysis evaluate nucleic 
acids directly, while some such as denaturing gradient gel electrophoresis (DGGE) 
terminal restriction fragment length polymorphism (T-RFLP), ribosomal intergenic 
spacer analysis (RISA) or automated RISA (ARISA) and sequence analysis of 16 rDNA 
gene libraries require PCR to increase copies of a target gene for easier detection 
(Nakatsu, 2007). The main molecular approaches for community profiling and their 
advantages and disadvantages are outlined in Table 1.9 (For more details about 
molecular methods and other miscellaneous methods see Hirsch et al., 2010; Kasai, 
2011; Malik et al., 2008). As DGGE was used throughout this project, some further 
details on its application are included below:  
DGGE/TGGE separates PCR-amplified DNA fragments from environmental samples (e.g. 
soil) based on differences in G-C content of the amplified gene (e.g. 16S rDNA). The 
sequences with different GC content show differential mobility through a DNA-
denaturing gel (Whyte and Greer, 2005). Denaturing conditions can be made with urea 
and formamide in DGGE or by temperature in the case of TGGE. The main advantages of 
DGGE/TGGE are the ability to excise and directly sequence bands of interest which can 
then be compared with available sequences in GenBank to identify the putative 
microorganism. Also, DGGE is inexpensive and many samples can be run at the same 
time (for details about full DGGE’s protocol see Green et al., 2010 and Whyte and Greer, 
2005). Like other molecular microbial tools, DGGE has some disadvantages (Table 1.9) 
and the limitations of using this method should be considered for the evaluation of 
microbial communities. One of the main disadvantages of DGGE is the overestimation of 
microbial communities due to PCR-DGGE artefacts. Also as a result of these artefacts, a 
single isolate can produce multiple bands by DGGE or a band may contain multiple 
isolates (Kušar and Avguštin, 2012; Nakatsu, 2007). Some strategies such as extension 
of the final elongation step at 72 °C during PCR cycling, selection of DNA polymerase 
with proofreading activity, cloning prior to sequencing and identification may help to 
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reduce the number of artefacts in the DGGE method (Janse et al., 2004; Kušar and 
Avguštin, 2012). 
 
Table 1.9. The main molecular tools used to assess microbial communities in 
hydrocarbon contaminated-soil (Hirsch et al., 2010; Kasai, 2011; Malik et al., 2008). 
 
Method        Advantages        Disadvantages 
► RISA/RISA Rapid and simple rRNA 
fingerprinting 
Highly reproducible 
Limited database 
for ribosomal intergenic 
spacer sequences 
► ARDRA Simple 
Highly reproducible 
Limited resolution 
Sequence information 
unavailable  
► Colony library and 
sequencing 
Possible detection of species  Time consuming 
Expensive 
► DGGE/TGGE Inexpensive 
Possible to sequencing the 
band to determine the related 
species 
High resolution (1 bp) 
 
Overestimates diversity 
Several bands may come 
from one species 
Assessment only of 1-
2% of the microbial 
population  
► TRFLP Simple  
High reproducibility  
 Requires expensive 
equipment  
Requires multiple 
restriction enzymes  
Sequence information 
unavailable 
Several peaks form from 
one species  
► FISH DNA isolation and PCR bias 
independent   
Limited number of 
probes available (about 
3)  
Background 
fluorescence interferes 
with detection of 
organisms 
Probe permeability 
► Microarray 
technologies 
High throughput  
PCR bias independent  
Expensive 
Non-specific 
hybridisation 
Applicable to known 
sequences only  
► Metagenomics DNA isolation and PCR bias 
independent 
Assessment of whole 
microbial community  
 
 
Expensive 
Generates huge amount 
of data  
Requires high-
performance 
computing and 
automated software 
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In spite of the limitations of DGGE, it still remains a valuable tool for the assessment of 
microbial communities. According to Whyte and Greer (2005), more than 1,000 papers 
have been published by authors that have used DGGE for the analysis of various 
environmental microbial communities (including hydrocarbon-contaminated soils) 
over a 10 year period. The author estimated this number with Google scholar using the 
search terms “microbial community” and “DGGE”. This resulted in the listing of 18,700 
records by the end of 2013. In addition, DGGE has been applied for either 
phytoremediation or to a lesser extent necrophytoremediation for monitoring the 
microbial structure during remediation of hydrocarbon-contaminated soils. For 
example, Chen and Banks (2004) used DGGE to evaluate bacterial community dynamics 
during the phytoremediation of pyrene with tall fescue plants in contaminated soil, 
although the authors were unable to see any correlation between pyrene concentration 
and bacterial community changes. In another report, Kim et al. (2006) investigated the 
effect of alfalfa plants on the microbial community during the phytoremediation of 
diesel-contaminated soil using DGGE. Their results showed that that the bacterial 
community structure was highly affected by the presence of both diesel and plant roots 
(39.13% similarity compared to the control).  
Phillips et al. (2006) assessed the effect of mixed and single plant treatments on 
rhizosphere bacterial communities in hydrocarbon contaminated flare-pit soil. The 
results from this study showed that while DGGE profiles contained numerous common 
bands irrespective of treatment, there were also some changes in the presence and 
relative intensities of bands as a result of treatment and temporal effects.  
There are only few reports on the use of the DGGE (and other molecular tools) in 
necrophytoremediation studies. Wu et al. (2011) investigated changes in the soil 
microbial community during the bioaugmentation of hydrocarbon-contaminated soil in 
the presence of wheat straw using DGGE. The authors showed that the presence of 
wheat straw led to appearance of a number of new bands (species) in the DGGE profiles 
of the bacterial community.  
However, whether DGGE or any other molecular techniques is to be employed, 
considerations must be given to the fact that each method has advantages and 
disadvantages (Nakatsu, 2007) (Table 1.9). Also due to the limitations associated with 
Molecular aspects of petroleum bioremediation in contaminated soil                                              E. Shahsavari 
27 
 
both traditional (culture-based methods) and molecular methods, a combination of both 
approaches is most often desirable in bioremediation studies (Zhang et al., 2012a).  
 
1.10. Objective of the project 
The overall aim of this research was to develop and investigate the potential of two 
bioremediation technologies: phytoremediation (plant-assisted bioremediation) and 
necrophytoremediation (plant dead biomass-assisted bioremediation). This was 
achieved through the following specific aims:  
 
► Investigation of the impacts of petrogenic hydrocarbons on the growth of 
selected plants. 
► Evaluation of plant tolerance to petrogenic hydrocarbons and their potential use 
(or application) for rhizoremediation. 
► Evaluation of the effects of different plant residues on the degradation of 
petrogenic hydrocarbons (necrophytoremediation). 
► Monitoring the degradation of hydrocarbons in soils using traditional 
microbiological methods (e.g. most probable number; MPN) in combination with 
molecular methods (PCR-DGGE-sequencing). 
► Assessment of bacterial and fungal communities as well as a functional gene 
community (e.g. alkB bacterial community) in contaminated soil during 
bioremediation.  
This thesis is structured in 6 chapters. Chapter 1 provides information about the 
introduction, background, general literature review and objectives of the research. 
Chapter 2 describes general methods and techniques which were used throughout this 
project. Chapter 3 is divided into two parts: first, the results from the screening of plants 
for their ability to grow in soil contaminated with a mixture of engine oil/diesel and 
crude oil sludge are presented. In the second part of the chapter, based on plant 
performance in contaminated soil, maize and wheat were subject to further studies to 
gain insight into the molecular aspects of rhizoremediation. Chapter 4 presents results 
from a study on the impact of 4 different plant residues on the degradation of aliphatic 
hydrocarbon-contaminated soils. In Chapter 5, the 2 best performing plant residues, in 
terms of remediation (Chapter 4, pea and wheat straws) were selected and the potential 
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for necrophytoremediation was extended to PAH-contaminated soil. The results 
Chapters (3-5) are presented as Journal articles reproduced in their publication paper 
format. A general discussion is provided in Chapter 6.  
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CHAPTER 2 
General Materials and Methods 
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2.1. Chemicals and reagents 
All chemicals were of analytical grade and were purchased from Sigma-Aldrich or Merck 
unless mentioned in the text. Phenanthrene and pyrene were purchased from Sigma-
Aldrich. Diesel fuel and engine oil were locally sourced from a petrol station (Caltex) in 
Adelaide, Australia.  
All glassware, tubes and pipettes were RNase-free or treated with RNA ZAP (Ambion) 
prior to the commencement of molecular work. All solutions used for DNA/RNA 
extraction was also prepared using RNase free chemicals and nuclease-free sterile 
water. Media, buffers and all solutions were sterilised at 121 °C for 15 min. 
Bushnell Haas (BH) mineral salts medium (Bushnell and Haas, 1941) containing 0.2 g 
L−1 MgSO4-7H2O, 0.02 g L−1  CaCl2-2H2O, 1 g L−1  KH2PO4, 1 g L−1  (NH4)2HPO4, 1 g L−1 
(NH4)2SO4, 0.05 g L−1  FeCl3-6H2O (pH 7.0) was prepared and sterilised in at 121 °C for 
15 min. 
2.2. Soil 
Uncontaminated soil (0-25 cm depth) sampled from Flinders University (South 
Australia) was used throughout the project. Collected soil was passed through a 4 mm 
sieve prior to use. An aliquot (500 g) was sent to Agri-Doo Nutrient Management 
Services, Victoria, Australia for soil analysis. Particle-size analysis was performed using 
the method given by Indorante et al. (1990), while other parameters were determined 
using standard methods (Rayment and Higginson, 1992). The full characterisation is 
shown in Table 2.1. 
2.3. Plant materials 
Plant seeds and plant residues (straw and hay) were kindly donated by Stephen Pasture 
Seeds and Johnson's Stockfeed and Horticultural Products Co. (Australia), respectively. 
 
 
Molecular aspects of petroleum bioremediation in contaminated soil                                              E. Shahsavari 
31 
 
Table 2.1. The full characterisation of the soil used throughout the study. 
 
 
 
 
 
 
 
 
 
 
2.4. Microbiological analyses 
2.4.1. Most probable number method (MPN) 
For microbial enumeration of hydrocarbon-utilising microorganisms a modified most 
probable number (MPN) method was used as previously described (Gaskin and 
Bentham 2005). BH medium (1,100 µL) and filter sterilised diesel/oil (100 µL) mix was 
added to 24-well microtitre plates. Soil samples were aseptically diluted using 0.85% 
NaCl solution. Each plate was then inoculated with 10−2 to 10−5 serial soil dilutions (100 
µL each, one dilution per row, 5 replicates per dilution). Plates were kept in the dark at 
room temperature. After 14 d, 5 mg mL−1 fluorescein diacetate (100 µL) in acetone was 
added to each well and incubated for 1 h. Wells which showed strong yellow colour 
were considered positive. The MPN values were calculated as previously described 
(Man, 1983). For example in Fig. 2.1, 5 positive wells were observed in both 10−2 and 
10−3 dilutions, 4 positive in 10−4 dilution and 3 positive in the 10−5 dilution. The MPN 
was calculated based on the three last dilutions (10−3–10−5) and the table checked for 5–
4–3 positive wells. In this case the value obtained was 28. Finally, MPN numbers for 
Soil property Value 
Soil colour Dark brown 
Soil texture Loamy sand 
Sand (%) 82 
Silt (%) 5 
Clay (%) 13 
Organic matter (%) 0.7  
pH (in H2O) 7.6 
Moisture (%) 20  
Ammonium (mg kg−1) 9 
Nitrate (mg kg−1) 4 
Phosphate (mg kg−1) 16.2 
Boron (mg kg−1) 0.5 
Copper (mg kg−1) 1.3 
Iron (mg kg−1) 10 
Manganese (mg kg−1) 5 
Sulphur (mg kg−1) 3.8 
Zinc (mg kg−1) 3.3 
Cation Exchange Capacity (meq/100g) 12.7 
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each soil sample was expressed as the log10 of the total number of colony forming units 
(CFU) g−1 dry soil, taking into account the volumes and the dilutions used. For PAH-
utilising microorganisms, phenanthrene and pyrene were dissolved in pentane at 1 % 
w/v (0.5% from each) and filter sterilised prior to use. An aliquot (100 µL) of this PAH 
mix was added to each well and the pentane allowed to evaporate off prior to the 
addition of BH medium. Other conditions were similar to those described for the 
diesel/oil mix. The PAH plates were incubated for 21 d and positive wells were scored 
based on the formation of a yellow to brown colour representing partially oxidised 
aromatic compounds. In addition, fluorescein diacetate was used as a confirmatory test 
(see description above). 
 
 
Fig. 2.1. Example of MPN methods in control soil (soil contaminated with diesel/oil). 
Numbers are the soil dilution factors (see the text for details).   
 
2.4.2. Bacterial isolation for standards in Real-time PCR 
Bacteria were isolated on BH medium (Bushnell and Haas, 1941) amended with 0.2% a 
mixture of diesel fuel and engine oil (60% diesel/40% engine oil) as source of carbon. 
The 10−2 dilution from the control soil (contaminated soil with hydrocarbons) were 
placed onto BH petrogenic hydrocarbons agar plates and incubated for 14 d at room 
temperature in dark conditions. Selected colonies showing good growth on the plate 
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were subcultured again in the same medium and incubated up to 10 d. Five bacterial 
isolates were selected based on morphology and growth and streaked onto in nutrient 
agar plates and kept for 2 d.  
2.5. DNA and RNA extraction 
The co-extraction of DNA and RNA from the soil samples was carried out as previously 
described (Griffiths et al., 2000) with a few modifications. To prevent loss of RNA the 
whole protocol was carried out on ice (Sharma et al., 2004). Briefly, soil (0.5 g) was 
added to sterile tubes containing sterilised glass beads (0.5 g, 212–300 μm), Extraction 
buffer (0.5 mL ,10% CTAB in 0.7 M NaCl with 240 mM potassium phosphate buffer, pH 
8.0) and phenol-chloroform-isoamyl alcohol (0.5 mL, 25:24:1) were mixed by hand 
prior to bead beating for two cycles of 20 s. Following centrifugation (16,000 g for 5 min 
at 4 °C), the phenol was removed from solution with an equal volume of chloroform-
isoamyl alcohol (24:1) and re-centrifuged (16,000 g) for 5 min. Precipitation of nucleic 
acids using two volumes of 30% (w/v) polyethylene glycol 6,000-1.6 M NaCl for 2 h was 
followed by centrifugation (17,000 g) at 4 °C for 10 min. Finally the nucleic acids pellet 
was washed in ice-cold 70% (v/v) ethanol, air dried for 10-15 min and dissolved in 
RNase-free sterile water (50 µL). The quality of the nucleic acid was checked by 1% 
agarose gel electrophoresis (Sambrook and Russell, 2001).  
The DNA was removed from solution using RQ1 (RNase-free DNase, Promega) 
according to the manufacturer’s guidelines. DNA contamination was checked by PCR 
after RQ1 treatment. DNA-free total RNA was reverse transcribed using the Reverse 
Transcription System (Promega). A reverse transcription reaction (18 µL, containing 0.5 
μg of random hexamers) was prepared according to the manufacturer’s guidelines. 
Total RNA (2 µL) was added to reverse transcription. The PCR conditions used were: 10 
min at 24 °C, 15 min at 42 °C, 5 min at 95 °C and finally 5 min at 4 °C. The synthesised 
cDNA was stored at -20 °C. 
2.6. PCR and DGGE 
The PCR cocktail for all primers was prepared in a PCR reaction mixture (50 µL). Each 
PCR tube consisted of forward primer (2 µL, 10 pmol µL−1), reverse primer (2 µL, 10 
pmol µL−1), GoTaq Flexi buffer (10 µL, 5x) (Promega), magnesium chloride (5 µL, 25 
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mM), dNTPs mixture (1µL, 10 mM), Taq polymerase enzyme (0.25 µL, 5 U µL−1) 
(Promega) and sterile nuclease-free water (27.75 µL). For each sample, DNA/cDNA 
extract (2 µL) was added to the PCR master mix (48 µL). All PCR reactions were 
performed in a thermocycler (BioRad). Primers used in this thesis are shown in Table 
2.2. 
Table 2.2. Primers used for PCR amplification of bacterial and fungal genes throughout 
this study. 
 
Primer  
name 
Microbial 
    target 
      Sequence                                                      
       (5’ to 3’) 
Example   
references 
341F* Bacteria CCTACGGGAGGCAGCAG (Muyzer et al., 1993) 
 
518R  ATTACCGCGGCTGCTGG 
 
 
ITS1F* Fungi CTTGGTCATTTAGAGGAAGTAA (Sheppard et al., 2011) 
ITS2  GCTGCGTTCTTCATCGATGC 
 
 
ITS4  TCCTCCGCTTATTGATATGC 
 
 
AlkBF* Bacteria CIGIICACGAIITIGGICACAAG 
AAGG 
 
(Chénier et al., 2003) 
AlkBR  IGCITGITGATCIIIGTGICGCTGIAG 
 
 
NidAF* Bacteria ATCTTCGGGCGCGGCTGGGTGTTT
CTCGG 
 
(Sho et al., 2004) 
NidAR  AATTGTCGGCGGCTGTCTTCCAGT
TCGC 
 
 
63F Bacteria CAGGCCTAACACATGCAAGTC 
 
(Osborn et al., 2000) 
1389R  ACGGGCGGTGTGTACAAG  
Star shows a GC clamp was attached to the 5’ end of primers for DGGE analysis. 
GC Clamps: CGCCCGCCGCGCGCGGCGGGCGGGGCGGGGGCACGGGGGG 
 
PCR was conducted with universal bacterial primers 341FGC as the forward and 518R 
as the reverse primer (Muyzer et al., 1993) as described by Sheppard et al. (2011). The 
thermocycling program used consisted of one cycle of 5 min at 95°C, 33 cycles of 30 s at 
94°C, 30 s at 55°C, 1 min at 72°C and a final extension at 72°C for 10 min. 
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A semi-nested PCR as described previously (Makadia et al., 2011; Sheppard et al., 2011) 
was used for fungal, bacterial alkB (encoding for alkane monooxygenase; a key enzyme 
in the degradation of aliphatic hydrocarbon) and bacterial nidA genes (encoding the 
large subunits of the ring-hydroxylating-dioxygenase enzyme; a key enzyme in the 
degradation of PAHs).  
Internal Transcribed Spacer regions (ITS) of soil fungi were targeted to evaluate the 
fungal community. The first reaction was carried out with ITS1F and ITS4 (without a GC 
clamp). The second reaction was carried out with GC primer ITS1F GC and ITS2.  
Product from the first PCR (2 µL) was used as template DNA in the second PCR. The 
program for fungal amplifications was 1 cycle of 5 min at 95°C, 35 cycles of 45 s at 94°C, 
45 s at 58°C and 45 s at 72°Cand a final extension at 72°C for 10 min. 
For bacterial alkB and nidA genes PCR, the reaction was carried out with forward and 
reverse primers (without GC clamp). The second reaction was carried out with a GC 
primer. The program for alkB genes amplifications was 1 cycle of 5 min at 95°C, 30 
cycles of 1 min at 94°C, 1 min 55°C and 1 min at 72°C and a final extension at 72°C for 
10 min while the program for nidA genes was the same as the fungal PCR program 
described earlier. To check for the possibility of contamination in the nested PCR, 
negative controls of the first reactions were used as template in the second PCR. For all 
PCR reactions, amplifications were checked in 1.5% agarose gel. 
Denaturing Gradient Gel Electrophoresis (DGGE) analysis was performed using the 
Universal Mutation Detection System (BioRad) with a 9%  linear urea-formamide 
denaturant gradient polyacrylamide gel (Acrylamide:N,N′-Methylenebisacrylamide 37:1 
solution). Polymerisation of gels were catalysed by the addition 10% ammonium 
persulfate solution (APS) and N,N,N′,N′-tetramethylethylenediamine (TEMED). The 
denaturant gradient ranged between 45–65% for bacterial and alkB genes communities 
and 42–52% for the fungal and nidA gene communities. The gel was loaded with PCR 
products (12-15 µL) plus loading dye (5 µL, Promega) and run for 20 h at 60 °C and 60 V 
in 1x TAE buffer. DGGE gels were silver stained (Girvan et al., 2003) or SYBR gold-
stained (Adetutu et al., 2011). In terms of silver-staining, the gel was scanned and saved 
as TIFF with an Epson V700 scanner while SYBR gold gels were saved as TIFF using 
Quantity One software in Gel Doc (BioRad).  
Molecular aspects of petroleum bioremediation in contaminated soil                                              E. Shahsavari 
36 
 
2.7. DNA extraction and PCR of bacterial isolates 
Bacterial cells were sampled from pure colonies on nutrient agar plates using a sterile 
loop and placed in 2 mL tubes. DNA extraction was performed as described earlier for 
soil DNA.  The DNA extracted from pure bacterial culture was subjected to PCR using 
alkB gene primers (Table 2.2) and gel electrophoresis as describe above. A positive 
isolate which contained alkB genes was selected for the detection of microorganisms 
using bacterial 16S rDNA. The 63F and 1389R primers (Osborn et al., 2000) were used 
as described previously (Adetutu et al., 2012b). The thermocycling conditions used for 
63F and 1389R reactions were, initial denaturation for 5 min at 94 °C followed by 30 
cycles of 94 °C for 1 min, 55 °C for 1 min and 72 °C for 2 min and a final extension of 72 
°C for 10 min. 
PCR products of 63F and 1389R were purified using the Wizard®SV Gel and a PCR 
Clean-up System (Promega) according to the manufacturer’s guidelines. DNA 
quantification was performed with a NANODROP 1000 spectrophotometer prior to 
sequencing. Sequencing was carried out with the BigDye® Terminator 3.1 cycle 
sequencing kit (Applied Biosystems) based on the manufacturer’s guidelines on an ABI 
Prism 3730 Genetic Analyser (Adetutu et al., 2011). Sequence data were assembled 
using the CAP contig program (Huang, 1992) in BioEdit software (Hall, 1999) and 
obtained sequences were subjected to BLASTN searches using Gen Bank to identify 
sequence homology and similarity (Altschul et al., 1997). 
2.8. Data analyses  
Images of DGGE gels were analysed with Phoretix 1D software to generate a 
dendrogram using the unweighted pair group method with mathematical averages 
(UPGMA). Shannon diversity index (H′) was also calculated from DGGE profiles as using 
the formula H′ = -∑ pi LN pi (Girvan et al., 2003).  
Analysis of variance (ANOVA) and correlation analysis were performed on data using 
the SAS statistical program (SAS Institute Inc, 2004). Mean values separation was 
performed using the Least Significant Difference (LSD) test (p=0.05), where the F-value 
was significant. The standard error (SE) was used where required. 
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6.1. Discussion  
Soils contaminated with different hydrocarbons (e.g. aliphatic and PAHs) threaten our 
environments and health. As a result, attention has to be paid to the remediation of 
environments contaminated with petrogenic hydrocarbons. Bioremediation represents 
a sustainable approach to solving this issue. This aim of this research study was (i) to 
assess the potential of two bioremediation methods: phytoremediation and 
necrophytoremediation and (ii) to examine the basis of the remediation through 
applied microbial ecology.  
In the first part of this study, 11 plants including crops, grasses and legumes were 
screened for their ability to grow in a soil contaminated with 1% (10,000 mg−1 kg) 
aliphatic hydrocarbons (60% diesel/40% engine oil) (Gaskin et al., 2008) and 1% crude 
oil. The results based on seedling emergence, biomass root/shoot rate, shoot length and 
root length among plants in contaminated soils yielded mixed results, with maize and 
wheat showing the best performance. Full emergence (100%) in all hydrocarbon-
contaminated soils was observed with maize and wheat. In addition in terms of all the 
other growth parameters assessed for both maize and wheat, it was found that the 
presence of hydrocarbons in the soil did not negatively affect the parameter; indeed in 
some cases the presence of hydrocarbons led to an increase in the plant growth 
parameter assessed. For example, wheat root length increased from 150 mm in clean 
soil to 193 mm and 192 mm in diesel/oil mix and crude oil-contaminated soils 
respectively. The root/shoot biomass ratio was also used in order to compare the plant 
performance in contaminated soils. Among all the plants tested, the highest biomass 
root/shoot ratio was observed in wheat and maize with an average 1.7 and 1.6 
respectively in soil contaminated with the diesel/oil mix. Also, maize and wheat, 
showed highest root/shoot ratio (1.4) in crude oil-contaminated soil. The root/shoot 
ratio shows the balance of growth between belowground and aboveground of plants. 
The higher ratio reflects that the fact that more plant biomass is shifted to the roots 
which is desirable for rhizoremediation (Gaskin et al., 2008).  
The results confirm those reported in the literature which conclude that plants possess 
different potentials for tolerating hydrocarbons (Issoufi et al., 2006; Kaimi et al., 2007; 
Kulakow et al., 2000; Robson et al., 2003; Yousaf et al., 2010). For example, Issoufi et al. 
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(2006) reported that maize and soybean seedlings had the greatest potential to 
remediate crude oil compared to other plants tested. In another report, Yousaf et al. 
(2010) reported that among 26 different plants, Italian ryegrass, Birdsfoot trefoil and 
alfalfa exhibited the best tolerance (biomass performance) towards petrogenic 
hydrocarbons.  
Following this, a 90 day study using wheat and maize plants was carried out in the 
presence of aliphatic hydrocarbons (1%) to determine whether phytoremediation using 
these two species represents an effective treatment for the biodegradation of 
petrogenic hydrocarbons. Another aim of this study was to evaluate the effect of the 
presence of maize and wheat on the structure, diversity and activity of the soil 
rhizosphere microbial communities.  
Analysis of the soil TPH concentration over the 90 days showed that the presence of the 
plant rhizosphere resulted in a positive impact on the degradation of hydrocarbons, as 
the degradation rate was statistically enhanced from 57% in the control soil to 66% and 
73% in maize and wheat respectively. This finding supports other reports (Adetutu et 
al., 2012a; Banks et al., 2003; Chen and Banks, 2004; Gaskin and Bentham, 2010; 
Günther et al., 1996; Kim et al., 2006; Peng et al., 2009) which showed that plant 
treatments led to an increase in the degradation rate of petrogenic hydrocarbons. For 
example, Cheema et al. (2009) showed that tall fescue plants were an effective 
treatment in the phytoremediation of soil contaminated with phenanthrene (11−344 
mg kg−1) and pyrene (15−335 mg kg−1). The results of this study showed that the 
degradation rate of phenanthrene and pyrene in the planted soils was higher, 
1.88−3.19% and 8.85−20.69% respectively than those in the corresponding unplanted 
soils. It is believed that the presence of plant root exudates increases the degradation of 
hydrocarbon through enhancement of the soil microbial activity (including the 
hydrocarbon-utilising microorganisms) (Cheema et al., 2009). 
Until now, most studies examining the processes of rhizodegradation of petrogenic 
hydrocarbons have focussed on the bacterial community only, using culture 
independent methods (e.g. DGGE) (Kim et al., 2006; Kirk et al., 2005; Phillips et al., 
2012; Phillips et al., 2006). However, in this study, bacterial and fungal communities, as 
well as the presence of alkane monooxygenase genes (Alkane hydroxylase; alkB), were 
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evaluated using PCR-DGGE-sequencing. Bacterial alkB represents one of the most well-
known functional genes involved in the initial steps of the degradation of alkane (the 
most common hydrocarbon component) (Adetutu et al., 2012a; Schulz et al., 2010). The 
assessment of functional genes (e.g. alkB) yields information about the effect of different 
treatments (e.g. plants or plant residues) on the hydrocarbon degrading potential of 
microbial communities (Adetutu et al., 2012a). 
PCR-DGGE revealed that plant roots caused a change in the bacterial and fungal 
communities (assessed using both cluster analysis and the Shannon diversity index) in 
the hydrocarbon-contaminated soil. The Shannon diversity index in the bacterial 
community in maize and wheat plant treatments (3.8 for maize and 3.7 for wheat) was 
higher than the control, unplanted soil (3.3). In contrast, the Shannon diversity index of 
the total fungal community decreased from 2.6 in the control soil to 2 and 2.1 in soil 
amended with maize and wheat roots respectively. Further analysis of the fungal 
community, through excision and sequencing of bands of interest from fungal DGGE 
profiles showed that the presence of a plant rhizosphere led to an increase in the band 
density or appearance of hydrocarbonoclastic fungi such as Fusarium sp and Epicoccum 
nigrumin in the DGGE profiles This suggests that the presence of plants in the 
contaminated soil samples led to a relative increase in the activity of the hydrocarbon-
utilising fungi.  
In terms of the microbial community possessing DNA encoding for the alkB genes, the 
results based on (alkB) with PCR-DGGE showed that  only the rhizosphere of wheat, 
with a Shannon diversity index of 2.4, had a more diverse community than control soil 
(2). The alkB gene copy numbers assessed by MPN-qPCR revealed that although the 
presence of both maize and wheat rhizospheres led to an increase of about 20- and 16-
fold in alkB gene copy numbers respectively relative to the control, there were no 
significant differences in alkB gene copies between maize and wheat. The differences in 
the alkB bacterial community between the soil amended with either maize or wheat 
may be related to the fact that different plants release different root exudates (e.g. 
organic acids, vitamins, tannins, alkaloids, sterols, enzymes and growth factors) into the 
soil (Phillips et al., 2012; Yousaf et al., 2010), resulting in differences of microbial 
communities in different plant rhizospheres. Overall, this study has shown that the 
presence of a plant rhizosphere led to increase in bioremediation of aliphatic 
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hydrocarbons, a shift in both the bacterial and fungal communities and an increase 
abundance of alkB genes. 
However, due to the toxicity effect of hydrocarbons on living plants (e.g. Australian 
native grasses, assessed in Chapter 3), the effect of necrophytoremediation (dead plant 
biomass-assisted bioremediation) using alfalfa hay, pea straw, wheat straw and a 
combination of plant residues (containing 20% hay, 37.5% pea straw, 37.5% wheat 
straw and 5% gypsum) on the degradation of 1% aliphatic hydrocarbons (60% 
diesel/40% engine oil) was evaluated in the second part of this study. The idea behind 
this method was that plant residues stimulate microfloral activity (including 
hydrocarbon degraders) through the provision of nutrition, aeration and improvements 
in soil structure (Barathi and Vasudevan, 2003; Rhykerd et al., 1999; Zhang et al., 2008). 
All plant residues were applied using two methods, either mixed with the contaminated 
soil or placed covering the soil surface. The results showed that all plant residue 
treatments, including both mixing and covering strategies enhanced the degradation of 
TPH, with pea straw exhibiting the maximum effect, with an average of 83% reduction 
in TPH compared with the control (bare soil, 57%).  
It may be that pea straw could be more degradable than other plant residues and 
therefore have provided much more nutrients for the degrading microbes. Certainly this 
result is worthy of further study. The measurement of the nitrogen content of all the 
material used revealed that alfalfa hay, various mixed plant residues, pea straw and 
wheat straw contained 2.33%, 1.53%, 2.16% and 0.5% nitrogen respectively (data not 
shown). Pea straw did not have the highest nitrogen content. Therefore, the presence of 
other undetermined compounds in pea straw may have accelerated the bioremediation 
of hydrocarbons through an as yet unknown pathway. Barathi and Vasudevan (2003) 
reported that the presence of wheat bran showed a greater effect in terms of increased 
rates of bioremediation of fresh crude oil than bagasse. The authors found that both the 
nitrogen and phosphorus content not only were much higher in wheat bran but also 
wheat bran was more readily degradable when compared with bagasse.  
Through the application of culture based (plate count), MPN methods and enzyme 
activity assays, it was shown that the addition of plant residues to the contaminated soil 
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increased the microbial population, the number of hydrocarbon-utilising 
microorganisms and FDA enzyme activity, a measure of community activity in most 
treatments, although the values varied among treatments. For example, the addition of 
pea straw (mixed with soil) increased the bacterial population while wheat straw 
(mixed with soil) increased fungal abundance relative to the control (unamended). The 
number of hydrocarbon-utilising microorganisms (assessed using the MPN method) 
exhibited an increase in all soils amended with plant residues. The highest number of 
hydrocarbon-utilising microorganisms was observed in pea straw mixed with soil, with 
a 12- fold increase. The enhancement of microbial biomass in hydrocarbon-
contaminated soil amended with wheat straw has been reported elsewhere (Hultgren et 
al., 2009; Wu et al., 2011; Zhang et al., 2008). For example, Zhang et al. (2008) showed 
that in a study on the bacterial-fungal bioaugmentation of petroleum- and salt-
contaminated soil microcosms, the addition of 5% (w/w) wheat straw led to an 18-fold 
increase in the biomass of hydrocarbonoclastic bacteria relative to the unamended. 
They also observed that in soil amended with wheat straw, an increase in the ergosterol 
content (used as an indicator for fungal biomass) was observed from 8.3 mg kg−1 in the 
control to 27.2 mg kg−1. 
One other factor that may be involved in the increased hydrocarbon degradation in soils 
amended with straw is the fact that the lignocellulolytic microflora associated with pea 
straw may also be directly involved in the degradation of hydrocarbons. DGGE-PCR-
sequencing techniques showed that some hydrocarbonoclastic microorganisms (e.g. 
Rhodococcus erythropolis) were observed only in soil amended with plant residues. In 
addition to bacteria, the fungus Trichurus spiralis appeared in fungal DGGE profiles only 
when pea straw was mixed with contaminated soil. Interestingly, this fungus has been 
reported to show both hydrocarbonoclastic and lignocellulolytic activity (Cerniglia and 
Sutherland, 2010; Hart et al., 2003). The results are consistent with the results of Wu et 
al. (2011) who showed that bioaugmentation of petroleum-contaminated soil using 
Enterobacter cloacae, in the presence of wheat straw led to the appearance of more 
bands in the DGGE profile compared to the untreated control (each band was assumed 
to represent one species). Unlike the results of this study, none of these bands were 
reported to represent hydrocarbonoclastic microorganisms. The assessment of the alkB 
bacterial community using PCR-DGGE and RT-qPCR showed that 
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necrophytoremediation contributed to the degradation of hydrocarbons through 
enhancing alkane-utilising bacterial biomass rather than diversity.  
The presence of plant residues led to only minor changes in the community based on 
cluster analysis. In addition, no significant differences were observed in Shannon 
diversity index values obtained from alkB genes based DGGE profiles. In contrast 
necrophytoremediation increased the abundance of alkB gene copies relative to 
unamended control (300-fold increase), suggesting an increase in the number of 
hydrocarbon degrading bacteria present in the soil.  
One of the most ubiquitous pollutants in the environment are PAHs (hydrocarbon with 
two or more fused phenyl and/or pentacyclic rings) which show toxic, mutagenic and 
carcinogenic properties (Lors et al., 2010; Sheppard et al., 2011). Therefore, in order to 
assess the potential of necrophytoremediation for the degradation of PAHs, and based 
on the performance of plant residues on the degradation of aliphatic hydrocarbons, pea 
and wheat straws were selected and mixed with the soil contaminated with 500 mg kg−1 
phenanthrene and 500 mg kg−1 pyrene alone or in combination (PAHs) in a 90 day 
greenhouse experiment. The results showed that with the sole exception of 
phenanthrene-contaminated soil amended with wheat straw, the addition of pea and 
wheat straws significantly increased PAH removal in other of treatments. For example, 
the addition of pea straw enhanced the degradation rate from 91% and 15% in the 
corresponding controls to 98% and 70% when the soil contained phenanthrene and 
pyrene respectively. The results from this part of the project are similar to the results of 
necrophytoremediation on aliphatic hydrocarbons, described earlier in terms of the 
positive effects of necrophytoremediation on the degradation rate of aliphatic 
hydrocarbons. 
The monitoring of the bioremediation of PAHs, using both the MPN method and FDA 
hydrolytic activity indicated that PAH-utilising microorganisms and enzyme activity 
significantly increased in soil amended with pea and wheat straws compared with 
unamended controls. In addition, cluster analysis on DGGE profiles revealed that 
amended treatments showed little change in the microbial communities including fungi, 
bacteria and those organisms containing nidA genes.  
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The nidA genes (assessed by qPCR) have also been used as biomarkers in PAH-
contaminated soils by other researchers (DeBruyn et al., 2007; Peng et al., 2010). Peng 
et al. (2010) showed that nidA gene copy numbers could be used to predict pyrene 
contamination and its degradation activity in soils. The nidA genes code for the large 
subunit of pyrene dioxygenase which catalyses the initial step of PAH metabolism. In 
addition, these genes may be involved in phenanthrene degradation (See chapter 5 for 
details). In the current research, phenanthrene and pyrene were used in the 
necrophytoremediation of PAH-contaminated soil, therefore nidA genes were 
considered as a good candidate for use in this study. These genes have been detected in 
Mycobacterium species (Gram-positive bacteria) but recently Klankeo et al. (2009) 
showed that plasmids harbouring nidA could be transferred horizontally to Gram-
negative bacteria such as Diaphorobacter sp and Pseudoxanthomonas sp (this 
phenomenon was also observed in this study, Chapter 5). 
Shannon diversity indices obtained from soil DGGE profiles of bacteria, fungi and nidA 
showed no significant difference compared to their corresponding control in most 
treatments. However, the Shannon diversity index in the phenanthrene-contaminated 
soil amended with pea straw increased to 4.5 from 4.3 in the corresponding soil control. 
Also in nidA bacterial profiles, the Shannon diversity index in phenanthrene and pyrene 
contaminated soil amended with wheat straw was statistically higher (1.4) than its 
control (1.1).  
PCR-DGGE and MPN techniques revealed that necrophytoremediation impacted soil 
microflora differently when the soil was contaminated with either aliphatic 
hydrocarbons or PAHs. In aliphatic hydrocarbon contaminated soil, the addition of plant 
residues (pea and wheat straws) changed the bacterial or fungal communities relative 
to the control soil as well as increasing the number of hydrocarbon-utilising 
microorganisms. In contrast, the amendment of these plant residues to PAH-
contaminated soil did not result in significant changes in bacterial and fungal 
communities, irrespective of treatment (based on Shannon diversity index). However, 
PAH-contaminated soil amended with pea and wheat straws did show an increase in 
PAH-utilising microorganisms. Unlike the aliphatic experiment, necrophytoremediation 
of PAHs in general and pea straw in particular contributed to an increase in the 
microbial biomass rather than diversity. 
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In summary, this thesis has shown: 
► Both phytoremediation and necrophytoremediation can be used for the 
bioremediation of petrogenic hydrocarbons. However, toxicity associated with 
many hydrocarbons towards plants might lead to failure in the use of 
phytoremediation.  
► Necrophytoremediation represents an effective, toxic-independent, cost effective 
and environmentally friendly remediation strategy. 
►  The addition of pea straw was more effective that adding other plant residues in 
terms of the degradation rate of petrogenic hydrocarbons, therefore, pea straw 
can be used as a biostimulator for a broad range of hydrocarbons in 
contaminated sites. 
6.2. Future research 
For the research performed in this study, work was carried out in greenhouses under 
semi-controlled conditions where temperature and humidity were maintained. To 
further assess the potential of these technologies, phytoremediation or 
necrophytoremediation studies needs to be performed in the field. The addition of pea 
straw to a biopile or windrow of hydrocarbon contaminated soils may help the 
remediation of petrogenic hydrocarbons and merits further study. 
DGGE can only detect the most dominant species (top 1-2%) within a community in an 
environmental sample (Kirk et al., 2004). Further studies using metagenomics can lead 
to a better understanding of active microorganisms involved in hydrocarbon 
degradation in either phytoremediation or necrophytoremediation. In metagenomics, 
first microbial genomes are sequenced and then screened for functional genes and 
phylogenetic markers (Malik et al., 2008). High-throughput sequencing metagenomics 
not only gives us information about community structure such as species richness and 
distribution but also provides information on functional genes of microbial 
communities (Hugenholtz and Tyson, 2008). In addition, metagenomics is an unbiased 
culture-and PCR-independent method (Yergeau et al., 2012) in which no a priori 
knowledge of the organisms or specific genes is required in order to evaluate whole 
microbial communities (Willner and Hugenholtz, 2013).  
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The addition of pea straw to contaminated soils consistently resulted in the greatest 
impact on the remediation of both aliphatic and PAHs. It is not known which 
components of pea straw led to these positive effects. There are not many reports in the 
literature about the effect of purified lignocellulosic compounds on the degradation of 
hydrocarbons. In one study, (Wang et al. (2007)) investigated the sorption behaviour of 
pyrene, phenanthrene and naphthalene with native and chemically modified lignin, 
chitin and cellulose. They found that the affinity of pyrene, phenanthrene and 
naphthalene towards lignin was much higher than that for chitins and celluloses, 
possibly due to the lack of aromatic carbon compounds in chitins and celluloses. 
Consequently, it was concluded that the presence of lignin would affect the 
bioavailability of PAHs in the soils. The purification of each component (e.g. lignin, 
cellulose, hemicellulose and their degradation intermediates) and the application of 
purified chemicals alone or in combination may help elucidate the reasons for the 
observed results in this thesis.  
It has also been observed that the addition of compost increased the hydrocarbon 
tolerance of the plants (Yousaf et al., 2010). Therefore, the application of 
necrophytoremediation in conjunction with phytoremediation might result in a 
synergistic effect on the rate of remediation of petrogenic hydrocarbons. In this case, 
pea straw could be mixed with contaminated soil and then the amended soil could be 
planted with appropriate phytoremediating plants. Further studies may be needed to 
evaluate the effects of the combination of these two technologies. As mentioned earlier, 
the microflora associated with plant residues (in this case pea straw) may play an 
important role in the degradation of petrogenic hydrocarbons. Further studies should 
be performed to investigate plant residue-associated microflora. These goals can be 
achieved through the isolation of these microbes or through culture-independent 
methods such as PCR-DGGE-sequencing and metagenomic analyses. Moreover, 
sterilisation of the pea straw and comparison the results of necrophytoremediation 
with unsterilised straw may reveal the effect of the associated microflora on the 
degradation of petrogenic hydrocarbon in soils. 
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